This work presents results for the electronic structure, magnetic properties, and electrical resistivity of the semiconductor SnTe doped with 3d transition metals V and Cr. From the standpoint of potential application in spintronics, we look for half-metallic states and analyze their properties in both rock salt and zinc blende structures using ab initio electronic structure methods. In both cases, it is the Sn-sublattice that is doped with the transition metals, as has been the case with experiments performed so far. We find four half-metallic compounds at their optimized cell volumes. Results of exchange interactions and the Curie temperature are presented and analyzed for all the relevant cases. Resistivity calculation based on Kubo-Greenwood formalism shows that the resistivities of these alloys due to transition metal doping of the Sn-sublattice may vary, in most cases, from typical liquid metal or metallic glass value to 2-3 times higher. 25% V-doping of the Sn-sublattice in the rock salt structure gives a very high resistivity, which can be traced to high values of the lattice parameter resulting in drastically reduced hopping or diffusivity of the states at the Fermi level. V C 2013 AIP Publishing LLC. [http://dx
Magnetism, half-metallicity and electrical transport properties of V-and Cr-doped semiconductor SnTe: A theoretical study I . INTRODUCTION Many of IV-VI semiconductors are found in the rocksalt structure, and are among the most interesting materials in solid state physics. These materials have small gaps which are usually less than 0.5 eV, hence they are good candidates for applications in thermoelectric devices, and infrared lasers and detectors. Among these IV-VI materials, both lead and germanium chalcogenides seem to have been studied more extensively than SnTe. 1 In recent years, SnTe thin films doped with Mn have received some attention from experimentalists interested in the magnetic order effects such as ferromagnetism and spin glass phase, and anomalous Hall effect. [2] [3] [4] Recently, SnTe-based superlattices exhibited a hole mobility of 2720 cm 2 /V s, which is the highest value for any semiconductor material at room temperature was reported. 5 The doping levels of transition metals considered so far in SnTe are small, so that magnetism arises as a percolation effect among the magnetic atoms and the substance behaves as a dilute magnetic semiconductor. Also, the only magnetic dopant considered so far appears to be Mn. [6] [7] [8] [9] The only other dopant considered was nonmagnetic Pb. 10 This alloy system has been studied by several groups both theoretically and experimentally. In this work, we study the effect of high level doping of the Sn sublattice with magnetic atoms Cr and V, so that the electronic structure deviates strongly from that of the parent compound SnTe. In particular, we are interested in the possibility of half-metallicity in such systems. The case of low level doping, including that with Mn, will be considered in a separate work. Our theoretical cohesive energy calculations show that these are negative when either the Sn-sublattice or the Te-sublattice is doped with Cr and V at a level of 25% and higher. This implies that it should be experimentally possible to dope with transition metals such Cr-and V on either of the two sublattices. Since experimental investigations so far have been devoted to doping of the Sn-sublattice, we have narrowed our search for halfmetallic states to the doping of the Sn-sublattice only. Halfmetallicity 11, 12 is a much sought-after property of materials from the viewpoint of their application in spintronic devices. 13 Both ferromagnetic (FM) and antiferromagnetic (AFM) 14 half-metals are of potential interest. Note that in their elemental states both V and Cr crystallize in bcc structure, with Cr being AFM and V nonmagnetic.
The most commonly occurring structure for both bulk and thin films of these compounds is the NaCl or the rocksalt (RS) structure. However, from the theoretical viewpoint, an equally interesting structure to study is the zinc blende (ZB) structure. Both RS and ZB are fcc-based, but differ in terms of the distance between the Sn and Te atoms. Irrespective of whether it is the Te-or the Sn-sublattice which is doped with 3d magnetic atoms, the magnetic effects should differ due to different levels of hybridization between the 3d orbitals and the s and p orbitals of the Sn or Te atoms. Experimentally it may be possible to grow both RS and ZB structures, even though the ground state structure appears to be RS. Thus, we have studied the electronic and magnetic properties of both these structures for different concentrations of the V, and Cr, atoms. We have employed supercell method as well as the coherent potential approximation (CPA) to study the effect of doping at various concentrations. The supercell calculations are carried out using the full potential linear augmented plane wave (FP-LAPW) method using the WIEN2k code. 15 The CPA calculations are carried out within the frame-work of the tight-binding linear muffintin orbital (TB-LMTO) method using the atomic sphere approximation (ASA). 16, 17 Thus, the FP-LAPW calculations are for doped but ordered alloys and the TB-LMTO calculations are for partially ordered alloys, with disorder in the V-or Cr-doped Sn sublattice. To distinguish them, we have used the notation Sn 4-x X x Te 4 with x ¼ 1, 2, 3, 4, where X stands for transition metal (TM) atoms, V and Cr for the wien2k supercell results, and Sn 1-x X x Te (0 x 1) for the TB-LMTO results. For those cases, where half-metallicity is predicted on the basis of the LAPW supercell calculations, we have calculated the exchange interaction using the linear response and multiple scattering Geen's function method implemented in the TB-LMTO basis.
II. COMPUTATIONAL DETAILS
The crystal structures of the ternary SnTe-based compounds Sn 4-x X x Te 4 were constructed from the unit cell of RS and ZB structures as follows. The doping levels of x ¼ 0.25 or 0.75 were achieved by replacing the Sn atoms at the vertex site or face-center sites, respectively, of the RS/ZB unit cell, with the TM atoms. Both cases (x ¼ 0.25 or 0.75) have the same space group (Pm 3m, or 221) for the RS structure, and (P 43m, or 215) for ZB. The x ¼ 0.5 doping is obtained by replacing the Sn atoms at the four compatible face-center sites. In this way we generate tetragonal structure (P 4m2, 115) for the ZB case and (P4=mmm, 123) for RS. This procedure of realizing the doping levels results in smallest unit (i.e., primitive) cells, with the highest possible symmetry. Numerous semiconductors are known to crystallize in the ZB or RS structures. As such the lattice parameters of these ternary compounds should be compatible with a large number of semiconductors.
Calculations were carried out within the framework of the density-functional theory (DFT), 18 using the WIEN2k 15 code based on the full-potential linear augmented plane wave plus local orbitals method. The generalized gradient approximation (GGA) proposed by Perdew et al. was used for exchange and correlation potentials. 19 We consider full relativistic effects for the core states and use the scalar-relativistic approximation for the valence states, neglecting the spin-orbit coupling. The latter is known to produce only a small effect on the density of states and the energy gaps, features of the electronic structure that are of interest in the present work. We used 3000 K points (Monkhorst-Park grid 20 ) for the Brillouinzone integration, set Rmt Ã Kmax ¼ 8:0 and carried out the angular momentum expansion up to l max ¼ 10 in the muffin tins, and used G max ¼ 12 for the charge density. All core and valence states are treated self-consistently. Convergence with respect to basis set and k-point sampling was closely monitored. The self-consistency was assumed to have been achieved, when the integrated charge difference per formula unit, Ð jq n À q nÀ1 jdr, for the input and output charge densities q nÀ1 and q n became less than 0.0001. In the calculation of Sn-X-Te in different structures, the muffin-tin (MT) radii were chosen to be 2.5, 2.3, and 2.5 a.u. for Sn, X (X ¼ V, Cr) and Te atoms, respectively.
The results obtained with the FP-LAPW method for ordered alloys (supercells), while the TM-doped thin films of SnTe are partially random, in the sense that the Sn-sublattice sites are occupied randomly by Sn and TM atoms. We have studied the electronic structure of these partially random alloys using the TB-LMTO method in conjunction with the CPA. 16, 17 These calculations employed exchange-correlation potential of Vosko, Wilk, and Nusair, 21 an s, p, d, f basis set, relativistic treatment of core electrons, and scalar-relativistic treatment of valence electrons. The results, particularly with respect to half-metallicity, were similar to those of the ordered alloys, apart from expected smoothing of some peaks in the density of states (DOS). The gaps values were marginally lower and can be ascribed to the differences between local density approximation (LDA) in TB-LMTO and GGA in FP-LAPW. The equilibrium lattice parameters were 2%-4% higher in TB-LMTO LDA calculations. The reason for the difference can be ascribed to several factors: different treatment of exchange-correlation, the use of ASA in the TB-LMTO method and the fact that the FP-lAPW supercell calculations are for ordered alloys, while the TB-LMTO-CPA calculations are for partially ordered alloys, with disorder in the positions of Sn and TM atoms inside the Sn-sublattice.
III. ELECTRONIC STRUCTURE A. Results of supercell calculations using the FP-LAPW method
For each case, equilibrium lattice parameter was obtained by minimizing the total energy with respect to the cell volume. All electronic properties, such as the DOS, energy bands, and magnetic moments, were then calculated for the equilibrium lattice parameters. Among all the ternary TM compounds with the doping levels considered, we find 4 half-metallic (HM) cases: three V-doped cases for the RS structure; and one V-doped case for the ZB structure (see Tables I-IV) . There is a small drop in the value of the equilibrium lattice parameter with increasing dopant concentration in all cases. Bulk moduli, calculated by using BirchMurnaghan equation of state, 22 are found to increase with the doping level for V-and Cr-doping. The equilibrium lattice constants, X-Te bond lengths, and bulk moduli, magnetic moments, minority-spin gaps, and half-metallic gaps for the ternary compounds in RS structure are summarized in TABLE I. Results obtained via the WIEN2k code for the RS compounds Sn 4-n X n Te 4 (X ¼ V, Cr): the equilibrium lattice constants a, the X-Te bond length L XTe , bulk modulus B, magnetic moments per magnetic atom M l B , minority-spin gaps G MIS (eV), and half-metallic gaps G HM (eV). All results shown are obtained using GGA (see text). Tables I and II . The same quantities for the ternary compounds in ZB structure are summarized in Tables III and IV. Note that in all cases studied and reported in Tables I, the RS structure has lower energy than the ZB, indicating the equilibrium bulk phase to be RS at low temperatures. However, it might be possible to grow thin films of these compounds in ZB structure under suitable conditions. Therefore, there is some merit in comparing the magnetic properties of these two fcc-based phases.
The DOS of these ordered compounds at their equilibrium lattice parameters are shown in Figs. (1-4). Majority and minority spin DOS are shown as spin up and down, respectively. These results clearly show in which cases halfmetallicity is most robust, i.e., the Fermi level is most widely separated from the band edges. The partial atom-projected DOS show that the states at the Fermi level have a high TM character, with the amount of the TM character changing with TM concentration. Table I shows the actual HM alloys. In spite of the appearance, none of the Cr-doped cases is a pure HM, although the degree of spin polarization is very high. This is shown in Fig. 5 , where the minority spin DOS (shown as spin down) are displayed on an expanded scale for Cr-doped RS case. The densities of states are very low, but clearly nonzero. The same is true for ZB Sn 2 V 2 Te.
IV. EXCHANGE INTERACTION AND CURIE TEMPERATURE
First-principles calculations of the thermodynamic properties of itinerant magnetic systems, via mapping 23, 24 of the zero temperature band energy onto a classical Heisenberg model
have been discussed in detail in our previous publications. 25, 26 Here i, j are site indices, e i is the unit vector pointing along the direction of the local magnetic moment at site i, and J ij is the exchange interaction between the moments at sites i and j. The calculations are based on a mapping procedure due to Liechtenstein et al. [27] [28] [29] The method was later extended to random magnetic systems by Turek et al., using CPA and the TB-LMTO method. 30 The exchange integral in Eq. (1) is given by
where z ¼ E þ i represents the complex energy variable, L ¼ (l, m), and D i ðzÞ ¼ P " i ðzÞ À P # i ðzÞ, representing the difference in the potential functions for the up and down spin electrons at site "i". g r ij ðzÞðr ¼"; #Þ represents the matrix elements of the Green's function of the medium for the up and down spin electrons. For sublattices with disorder, this is a configurationally averaged Green's function, obtained via using the prescription of CPA. It should be noted that the spin magnetic moments are included in the above definition of J ij . Positive and negative values of J ij imply FM and AFM couplings, respectively, between the atoms at sites i and j. In the above procedure outlined by Liechtenstein et al., [27] [28] [29] exchange interactions are calculated by considering spin deviation from a reference state. Negative exchange interactions resulting from calculations based on a FM reference state would suggest instability of the assumed FM ground state. With this mind, we have computed the exchange interactions for the most interesting cases, i.e., those promising robust HM states.
The results in Tables I and III show that the HM state occurs mostly in the RS structure and for V-doping. In Figs. 6-8, we show results for the cases with 75%, 50%, and 25% doping with V, respectively, for the RS structure. All of these cases show HM character. Calculations of exchange interactions were carried out for both FM and disordered local moment (DLM) reference states. This was necessary, since although the exchange interactions between the V atoms were found to be antiferromagnetic (i.e., negative) for the FM reference state, the interactions among the Sn-and V-atoms were non-negligible and so were those between V-atoms and empty spheres (required by ASA for spacefilling). Some of these interactions were found to be ferromagnetic (positive). These interactions appear as a result of induced moments on the nonmagnetic atoms and the empty spheres. These induced moments disappear for the DLM reference state, where only the robust moment of the magnetic atom stays non-zero. Within the Stoner model, a nonmagnetic state above the Curie temperature T c is characterized by the vanishing of the local moments in magnitude, which costs considerably more energy than is needed to disorder the local moments, leading to a state of zero net magnetization. In the DLM model, 31 ,32 the nonmagnetic state is described as one where the local moments remain nonzero in magnitude above T c , but disorder in their direction above T c causes global magnetic moment to vanish. Within the collinear moment formulation, where all local axes of spinquantization point in the same direction, DLM can be treated as a binary alloy problem 25 with 50% of the moments pointing in a direction opposite to the rest, the magnitudes of all moments being the same. Figs. 6-8 show that the AFM interactions between the V atoms persist in the DLM state, although somewhat reduced in magnitude. For 75% V, for the FM reference state the magnetic moments per cell are found to be $2.9-3.0 l B for the curves shown in Fig. 6 , while the numbers for the DLM state are $2.6-2.7 l B . Similar results follow for the other two cases shown in Figs. 7 and 8. The strength of the AFM interactions weakens with the decrease in V-concentration. The fact that the magnitude of the moment is not drastically reduced in the DLM state from its FM state value points to the validity of the Heisenberg model description adopted in this work.
In contrast to the RS structure, the ZB structure appears to promote FM interactions. We illustrate this in Fig. 9 , where the exchange interactions between the V-atoms for the FM reference state are compared for Sn 0.5 V 0.5 Te in RS and ZB structures. The lattice parameter values are around the equilibrium values given by FP-LAPW WIEN2k code, varying from below to above. According to Table III, this material is not HM, but the situation persists for Sn 0.25 V 0.75 Te, which does show HM gap (for both RS and ZB structures). The ZB structure gives a FM Sn 0.25 V 0.75 Te, while the corresponding RS compound is AFM (Fig. 10) . Fig. 9 illustrates the point that with increasing distance between the V and Te atoms in the RS structure, i.e, with decreasing hybridization of the d-orbitals of V with the s-and p-orbitals of Te, the AFM exchange interactions between the V atoms decrease in magnitude. With increasing lattice parameter, the overlap of the neighboring d-orbitals of V also decreases. This has the effect of the V-V interaction to grow towards FM. This is further increased in the ZB phase with much larger lattice parameter, where the V-V interactions are not only FM, but also seem to have saturated. These trends are also reflected in Fig. 10 . Tables I and III. Even though we did not find any HM case for Cr-doped SnTe, it is important to point out that such materials would be overwhelmingly FM. In Fig. 11 , we show the exchange interactions in both ZB and RS structures for Sn 0.5 Cr 0.5 Te, with lattice parameters around the LAPW equilibrium values. The results shown are for FM reference state.
From the viewpoint of spintronic devices, both FM and AFM HM materials are of potential interest. The ideal case is a HM AFM material, which is a fully compensated ferrimagnet. Such a compound should be insensitive to external magnetic field, and unlike a ferromagnet, would not bring in stray flux. As a result, devices based on these AFM HM materials are expected to consume less energy. AFM HM materials have attracted considerable attention in recent years. [33] [34] [35] [36] [37] We estimate the Curie temperature T c for the ZB structure Sn 0.25 V 0.75 Te, which exhibits FM interactions among the V-atoms. We have calculated the Curie temperature T c using both the mean-field approximation (MFA) and the more accurate random-phase approximation (RPA). 38 If the magnetic sublattice consists only of the magnetic atoms X, then in the MFA, the Curie temperature is given by
where the sum extends over all the neighboring shells and involves the exchange interactions between the magnetic atoms X. MFA is known to grossly overestimate T c . A much more improved description of finite-temperature magnetism is actually provided by the RPA. Again, if the magnetic sublattice consists only of the magnetic atoms X, then the RPA T c given by
Here, N denotes the order of the translational group applied and J X;X ðqÞ is the lattice Fourier transform of the real-space exchange interactions J X;X ij . We have modified Eqs. (3) and (4) for our Sn 1-x X x Te alloys using virtual crystal approximation (VCA). This involves simply weighting the Tc's obtained from Eqs. (3) and (4) by the square of the concentration (x 2 ) of the X (TM) atoms. The RPA-VCA neglects the magnetic percolation effect [39] [40] [41] which is important, in particular, for the case of low concentration of magnetic atoms. Its effect is estimated to be significant for less than 20% concentration of magnetic atoms and weaker for concentrated alloys under consideration in this work. For the 25%, 50%, and 75% TM-doping of the Sn-sublattice considered, the percolation effect may lower the estimated T c s somewhat, by decreasing amounts.
In the upper panel of Fig. 12 , we show the variation of T c with lattice parameter in ZB structure Sn 0.25 V 0. 75 Te for values around the FP-LAPW equilibrium lattice parameter. This is the only HM case we have encountered among the various doping levels studied. For comparison, in the lower panel of the same figure, we show the T c values for Sn 0.50 V 0.50 Te. The results shown are for the FM reference states and calculated using the RPA. A problem arises in the computation of T c using either Eq. (3) or Eq. (4) when, in addition to the robust moments on the magnetic atoms, there are induced moments on apparently non-magnetic atoms, interstitial spaces or, in case of the LMTO method, empty spheres. This problem has been discussed in detail in our previous publication 25 and references cited therein. As shown by Sandratskii et al., 23 the calculation of T c using RPA is considerably more involved even for the case where only one secondary induced interaction needs to be considered, in addition to the principal interaction between the strong moments. The complexity of the problem increases even for MFA, if more than one secondary interaction is to be considered. Since we are only interested in a rough estimation of T c , we simply use the the RPA prescription considering only the TM moments in Eq. (4). The results further modified in the spirit of VCA, are shown in Figs. 12 and 13. Fig. 13 shows the results for the Cr-doping case to illustrate the point that Cr-doping leads to FM interactions for both ZB and RS structures. This result is consistent with our previous study for TM-doped semiconductor GeTe, 45 where the Cr-doped cases were found to be overwhelmingly FM. 
V. ELECTRICAL RESISTIVITY
The residual resistivity of the half-metals was calculated by using the linear-response theory as formulated in the framework of the TB-LMTO-CPA method and the Kubo-Greenwood (K-G) formalism. 42, 43 Within the K-G formalism, transport properties, such as conductance or conductivity at the energy E: r(E), can be expressed in the form
where J is the velocity or current operator. The physical conductivity is obtained by setting E ¼ E F . The velocity/current operator can be related, via the Heisenberg equation of motion, to the commutator of the Hamiltonian H and the position operator x (with e ¼ h ¼ 1)
The Dirac delta functions appearing in Eq. (5) can be related to the imaginary part of the Green's function G(E À H). The representation of the Green's function and the evaluation of the matrix elements of J in the TB-LMTO basis have been discussed in detail in Refs. 42 and 43. Since the equilibrium lattice parameters given by the TB-LMTO method are slightly different from those given by the FP-LAPW scheme, we have considered a few lattice parameter values around the FP-LMTO equilibrium values. As mentioned earlier, the differences in the equilibrium lattice parameter values are not only due to the differences in the two methods and the exchange-correlation potentials used, but also due to the fact that the FP-LAPW values are for ordered alloys and the TB-LMTO values are for partially ordered alloys (with disorder in the Sn-sublattice). The calculated resistivity originates from the disorder in the Sn-sublattice due to the TM dopant atom. The purpose of this study is to get estimates of the resistivity of these alloys in relation to other disordered metallic systems such as metallic glasses and liquid metals. The results are summarized in Table V . The metallic character of the system increases with the TM dopant concentration. The resistivity decreases with increasing DOS at the Fermi level as well as decreasing lattice parameter. The latter should result in increased hopping, i.e., increased diffusivity of the states at the Fermi level. For the RS systems, the resistivity of the 25% V-doping case is very high compared with that of a typical liquid metal or a metallic glass, which is around 150-200 lX cm. This is partly due to high value of the lattice parameter, resulting in reduced hopping between neighboring sites in general and partly due to the high value of the local moment on V atoms, giving rise to high magnetic scattering. Of course the high value of the moment itself can be traced to increased lattice parameter and reduced co-ordination with respect to elemental solid V, which is nonmagnetic. With increasing V-concentration, the lattice parameter as well as the local moment on V-atoms decreases and the resistivity comes down, decreasing by a factor of 10% or more by the time 50% V-doping is reached. For 75%-V, the resistivity is in the typical liquid/ glassy metal range. For the 75% V-doped ZB alloy, the resistivity is somewhat increased with respect to the corresponding RS structure value, mainly due to the increased lattice parameter. In addition, at these high values of the lattice parameter, resistivity appears to have reached saturation with respect to small lattice parameter variation. 
VI. SUMMARY OF RESULTS AND CONCLUSIONS
Via first-principles calculations, we have examined the possibility of HM states in bulk Sn 1-x TM x Te alloys, with TM being the transition metals V, and Cr. In their elemental forms, V and Cr both crystallize in bcc structures, and while Cr is AFM, V is nonmagnetic. Although the ground state structure of the above alloys is found to be RS, we have explored the possibility of half-metallicity in RS as well as the closely related ZB structures. It is hoped that with suitable substrates some of these alloys may be grown in ZB structure as well. Attempts to do so would be worthwhile if they showed promise of potential interest for spintronic and other related applications. All the cases studied are for high doping levels: 25%, 50%, and 75% doping of the Sn-sublattice with the TM atoms. Thus, the magnetic effects are due to modifications of band structure and consequent spin-polarization, and not due to percolation among the magnetic atoms as found in dilute magnetic semiconductors. We identify several HM candidates in the RS structure. Exchange calculations indicate that the ground states in these cases would be AFM or would support complex magnetic structure. 75% doping of the Sn-sublattice with V-atoms in the ZB structure does indicate FM ground state. We also find that Cr-doping overwhelmingly supports FM ground state, even though such states would most probably not be HM. The preponderance of FM state for Cr-doping in both ZB and RS structures as well as the AFM tendencies of the V-doped alloys is in line with our previous study for TM-doped semiconductor GeTe. 45 Low temperature resistivities of the HM alloys seem to vary from the typical metallic glass/liquid metal value to about 2-3 times higher in most of these cases.
